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min f (x) (2.1)
subject to x ∈ F (2.2)
໨తؔ਺ f (x)͸࣮਺஋΋͘͠͸੔਺஋ΛऔΔؔ਺Ͱ͋ΓɼҎԼͷࣸ૾Ͱࣔ͞ΕΔɻ










ఆٛ 2.1ʢେҬత࠷దղʣ ղ͕ҎԼͷ৚݅Λຬͨ͢ͱ͖େҬత࠷దղ xͱݺͿɻ
∀y ∈ F, f (x) < f (y) (2.4)
ͳ͓ɼ f (x)ΛେҬత࠷ద஋ͱݺͿɻ
ఆٛ 2.2ʢہॴత࠷దղʣ ղ͕ҎԼͷ৚݅Λຬͨ͢ͱ͖ہॴత࠷దղ x∗ͱݺͿɻ
∀y ∈ N(x∗), f (x∗) < f (y) (2.5)
͜͜Ͱ N(x)ͱ͸࣍ʹఆٛ͞ΕΔղ xʹର͢Δۙ๣Λද͢ɻ
ఆٛ 2.3ʢۙ๣ʣ ࣮ߦՄೳྖҬ F಺ͷղʹର͢Δۙ๣͸ɼҎԼͷࣸ૾ͱͯ͠ఆٛ͞ΕΔɻ
N : F→ 2F (2.6)





























ఆٛ 2.4ʢڑ཭ʣ ೚ҙͷ x, y, z ∈ Xʹରͯ͠ڑ཭ͷެཧΛຬͨࣸ͢૾Ͱఆٛ͞ΕΔɻ
d : X × X → R (2.7)
ୈ 2ষ ૊߹ͤ࠷దԽ 7
ͳ͓ɼڑ཭ͷެཧͱ͸ҎԼͷؔ܎ੑͰࣔ͞ΕΔɻ
• ඇෛੑʢਖ਼ఆ஋ੑʣɿd(x, y) ≥ 0
• ඇୀԽੑɿd(x, y) = 0⇔ x = y
• ରশੑɿd(x, y) = d(y, x)
• ࡾ֯ෆ౳ࣜɿd(x, y) + d(y, z) ≥ d(x, z)
ҎԼͰ͸ຊ࿦จͰॏཁͱͳΔڑ཭ۭؒʹجͮ͘ఆٛΛࣔ͢ɻ
ఆٛ 2.5ʢดٿମʣ ڑ཭ۭؒ (X, d)ʹ͓͍ͯɼx ∈ XΛத৺ͱ͢Δ൒ܘ ε > 0ͷดٿମ
B[x : ε]͸ҎԼͷࣜͰఆٛ͞ΕΔɻ
B[x : ε] = {y ∈ X | d(x, y) ≤ ε} (2.8)
ఆٛ 2.6ʢ௚ܘʣ ڑ཭ۭؒ (X, d)ͷ෦෼ू߹ A  ∅ʹରͯ͠ɼAͷ௚ܘ diam(A)͸ҎԼͷ
ࣜͰఆٛ͞ΕΔɻ
diam(A) = sup {d(x, y) | x, y ∈ A} (2.9)
͞Βʹɼڑ཭Λ༻͍ͨղಉ࢜ͷۙ͞Λද͢ࢦඪͱͯ͠ྨࣅ౓Λఆٛ͢Δɻ
ఆٛ 2.7ʢྨࣅ౓ʣ ೚ҙͷ x, y, ∈ Xʹରͯ͠ྨࣅ౓ S (x, y)ΛҎԼͷࣜͰఆٛ͢Δɻ
S (x, y) =
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ΰϦζϜʢGA: Genetic Algorithmʣʦ21ʧɼਓؒͷهԱೳྗʹجͮ͘λϒʔαʔνʢTS: Tabu
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3.2.3 ۙ๣ߏ଄ͱLocal Search







Tabu Search΍Simulated AnnealingͳͲʣ͕Local SearchΛجʹߏங͞Ε͍ͯΔ͕ɼLocal
Searchࣗମ͸୯७ͳۙࣅղ๏ͷҰख๏ͱͯ͠Ґஔ͚ͮΒΕΔ͜ͱ͕ଟ͍ɻ
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3: while f (x) > min{ f (y) | y ∈ N(x)} do
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Algorithm 3.2 Tabu SearchʢTSʣ
1: procedure Tabu Search(LT ,Tmax)
Step 1: ॳظԽ
2: ൓෮ճ਺ t = 0ɼλϒʔϦετ T = ∅ͱ͢Δ
Step 2: ऴྃ൑ఆ
3: if t = Tmax then
4: return୳ࡧʹ͓͚Δ࠷ྑղ
Step 3: ۙ๣ੜ੒
5: λϒʔϦετ Tʹै͍ۙ๣ N(xt)Λੜ੒
Step 4: ߋ৽
6: xt+1 := arg min{ f (y) | y ∈ N(xt)}
7: λϒʔϦετ TΛߋ৽͢Δ
8: if | T |> LT then
9: ࠷΋ݹ͍λϒʔͷ࡟আ






































ͱͯ͠ɼReactive Tabu Searchʦ27ɼ28ʧ͕ ڍ͛ΒΕΔɻReactive Tabu Search͸Tabu Search







·ͨɼຊݚڀάϧʔϓͰ͸Particle Swarm OptimizationɼCuckoo SearchͳͲͷख๏ʹͭ
͍ͯಛ௃ɾύϥϝʔλʹ͍ͭͯղੳͯ͠దԠԽΛ࣮ݱ͠ɼߴ͍୳ࡧੑೳΛ֬ೝ͍ͯ͠Δɻ
จݙʦ29ʧͰ͸ Particle Swarm OptimizationͷదԠԽʹ͍ͭͯݚڀ͠ɼActivity Feedback
Particle Swarm OptimizationΛఏҊ͍ͯ͠ΔɻActivity Feedback Particle Swarm Optimiza-




































x, y ∈ Fʹ࠷ྑҠಈઓུͷ Local SearchΛద༻ͨ͠ͱ͖ಉҰͷہॴత࠷దղʹ౸ୡ͢ΔҾ
͖ࠐΈྖҬ͸ҎԼͷಉ஋཯ʦ16ʧ
• ൓ࣹ཯ɿ೚ҙͷू߹͢΂ͯͷݩ xʹରͯ͠ɼx ∼ x
ୈ 4ষ ղۭؒͷ֊૚ߏ଄ʹجͮ͘૊߹ͤ࠷దԽख๏ͷղੳ 21
• ର৅཯ɿ೚ҙͷू߹ͷݩ x, yʹରͯ͠ɼx ∼ y⇒ y ∼ x











͜͜Ͱɼہॴత࠷దղ x∗Λ୅දݩͱ͢ΔҾ͖ࠐΈྖҬʢಉ஋ྨʣ͸ɼB→ 2F ͳΔࣸ૾Λ
༻͍ͯҎԼͷࣜͰද͞ΕΔɻ









ղۭؒͷ֊૚ߏ଄ʹجͮ͘૊߹ͤ࠷దԽख๏ʢHierarchical Structure Solution Space based
on Combinatorial Optimization Method: HMʣ͸ɼूதԽΛҾ͖ࠐΈྖҬ಺ͷ୳ࡧઓུɼଟ























3: H = ∅, t = 0
Step 2: ԼҐߏ଄ʹ͓͚Δ୳ࡧ
4: k = 0
5: while f (x(t,k))>min{ f (y) | y ∈ N(x(t,k))} do
6: x(t,k+1) := arg min{ f (y) | y ∈ N(x(t,k))}, k := k + 1
7: x(t,∗) := x(t,k)
8: if | H |≥ s then
9: H͔Β࠷΋ݹ͍ղΛ࡟আ
10: H := H ∪ x(t,∗)
Step 3: ऴྃ൑ఆ
11: if t = Tmax then
12: return୳ࡧʹ͓͚Δ࠷ྑղ
13: else
14: x(t+1,0) := x(t,∗), k = 0, t := t + 1
Step 4: ্Ґߏ଄ʹ͓͚Δ୳ࡧ
Step 4-1: ࢖༻৘ใͷબ୒
15: if t ≤ 2 then
16: xα = xβ = x(0,∗)
17: else
18: {xα, xβ} := arg max{d(x, y) | x, y ∈ {H \ x(t−1,∗)}}
Step 4-2: Ҡಈํ޲ͷݶఆ
19: N1 = {y ∈ N(x(t,k)) | d(x(t,k), x(t,0))<d(y, x(t,0))}
20: N2 = {y ∈ N(x(t,k)) | d(x(t,k), xα)+d(x(t,k), xβ)<d(y, xα)+d(y, xβ)}
21: if N1 ∩ N2 = ∅ then
22: N1,N2ͷॱʹ༏ઌ͢Δ
23: else if N1 = ∅ then
24: Step 2΁
Step 4-3: ղͷߋ৽͓Αͼ୤ग़൑ఆ
25: x(t,k+1) := arg min{ f (y) | y ∈ N1 ∩ N2}, k := k + 1

















ॴత࠷దղͷ਺͸ύϥϝʔλ sʹΑܾͬͯఆ͞Εɼ| H |͕ sҎ্ͷ৔߹ʹ͸هԱ͠
͍ͯΔதͰ࠷΋ݹ͍ہॴత࠷దղͷ৘ใΛΞʔΧΠϒ͔Β࡟আ͢ΔɻҾ͖ࠐΈྖҬ

















ۙ๣ N(x(t,k))ͷதͰہॴత࠷దղ x(t−1,∗)͔Βͷڑ཭͕ d(x(t,k), x(t−1,∗))ΑΓ΋େ͖͍
ղͷू߹ͱͯ͠ N1Λੜ੒͠ɼ୳ࡧ఺͸ N1಺ͷղʹߋ৽Λߦ͏ɻN1͸࣍ࣜͰද͞
ΕΔɻ




ॏཁͰ͋Δɻۙ๣ N(x(t,k))ͷதͰ xα, xβ͔Βͷڑ཭͕ d(x(t,k), xα) + d(x(t,k), xβ)ΑΓ
΋େ͖͍ղͷू߹ͱͯ͠ N2Λੜ੒͠ɼ୳ࡧ఺͸ N2಺ͷղʹߋ৽Λߦ͏ɻN2͸࣍
ࣜͰද͞ΕΔɻ




͖ࠐΈྖҬ΁ͷճؼ཈ࢭͷͨΊʹN1, N2Λੜ੒͠ɼͦΕΒͷੵू߹ N1 ∩ N2ͷதͷ




















































































































ఆٛ 5.1ʢ࠷খҠಈڑ཭ʣ ࠷খҠಈڑ཭ dm-m͸ɼҠಈൣғௐ੔ύϥϝʔλwͱ೚ҙͷڑ཭
ͷ࠷େڑ཭ dmaxʹΑΓ࣍ࣜͰఆٛ͢Δɻ
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3: H = ∅, t = 0
Step 2: ԼҐߏ଄ʹ͓͚Δ୳ࡧ
4: k = 0
5: while f (x(t,k))>min{ f (y) | y ∈ N(x(t,k))} do
6: x(t,k+1) := arg min{ f (y) | y ∈ N(x(t,k))}, k := k + 1
7: x(t,∗) := x(t,k)
8: if | H |≥ s then
9: H͔Β࠷΋ݹ͍ղΛ࡟আ
10: H := H ∪ x(t,∗)
Step 3: ऴྃ൑ఆ
11: if t = Tmax then
12: return୳ࡧʹ͓͚Δ࠷ྑղ
13: else
14: x(t+1,0) := x(t,∗), k = 0, t := t + 1
Step 4: ্Ґߏ଄ʹ͓͚Δ୳ࡧ
Step 4-1: ࢖༻৘ใͷબ୒
15: if t ≤ 2 then
16: xα = xβ = x(0,∗)
17: else
18: {xα, xβ} := arg max{d(x, y) | x, y ∈ {H \ x(t−1,∗)}}
Step 4-2: Ҡಈํ޲ͷݶఆ
19: N1 = {y ∈ N(x(t,k)) | d(x(t,k), x(t,0))<d(y, x(t,0))}
20: N2 = {y ∈ N(x(t,k)) | d(x(t,k), xα)+d(x(t,k), xβ)<d(y, xα)+d(y, xβ)}
21: if N1 ∩ N2 = ∅ then
22: N1,N2ͷॱʹ༏ઌ͢Δ
23: else if N1 = ∅ then
24: Step 2΁
Step 4-3: ղͷߋ৽͓Αͼ୤ग़൑ఆ
25: if d(x(t,k), x(t,0))>w · dmax then
26: x(t,k+1) := arg min{ f (y) | y ∈ N1 ∩ N2}, k := k + 1





32: x(t,k+1) := arg min{ f (y) | f (y)≥ f (x(t,k)), y∈N1 ∩ N2}, k := k + 1
33: if x(t,k) = ∅ then








ϕϯνϚʔΫ໰୊ʹ८ճηʔϧεϚϯ໰୊ʢTraveling Salesman Problem: TSPʣʦ31ʧɼ
ϑϩʔγϣοϓεέδϡʔϦϯά໰୊ʢFlowshop Scheduling Problem: FSPʣʦ32ʧɼೋ࣍













దղ x(t,∗)ͱ 1൓෮લͷ࣌఺ t − 1Ͱͷہॴత࠷దղ x(t−1,∗)ͷྨࣅ౓ S (x(t,∗), x(t−1,∗))͔Βݕূ
ͨ͠ɻࢼߦ͝ͱʹҟͳΔҰͭͷॳظղ͔ΒwͷઃఆΛ 0ɼ0.05ɼ0.1ɼ,0.2ɼ0.3ɼ· · ·ɼ0.8ɼ
0.9ͷ 11௨Γͱͨ͠৔߹ʹ͍ͭͯɼऴྃ৚݅ΛධՁճ਺ͷ্ݶ஋ͱͨ͠ͱ͖ɼͦΕͧΕͷ








ఆٛ 6.1ʢ2-optڑ཭ʹجͮۙ͘๣ఆٛʢ2-optۙ๣ʣʣ 2-optڑ཭ʹجͮۙ͘๣ N2-opt͸ɼ
ղ x͔Βڑ཭ 1ͷۙ๣ͱͯ࣍ࣜ͠Ͱఆٛ͢Δɻ
N2-opt(x) = B[x : 1] = {y | d2-opt(x, y) = 1} (6.1)
ఆٛ 6.2ʢCayleyڑ཭ʹجͮۙ͘๣ఆٛʢަ׵ۙ๣ʣʣ Cayley ڑ཭ʹجͮۙ͘๣ NCayley
͸ɼղ x͔Βڑ཭ 1ͷۙ๣ͱͯ࣍ࣜ͠Ͱఆٛ͢Δɻ
NCayley(x) = B[x : 1] = {y | dCayley(x, y) = 1} (6.2)
ఆٛ 6.3ʢUlamڑ཭ʹجͮۙ͘๣ఆٛʢૠೖۙ๣ʣʣ Ulamڑ཭ʹجͮۙ͘๣NUlam͸ɼղ
ୈ 6ষ ਺஋࣮ݧʹΑΔݕূ 36
x͔Βڑ཭ 1ͷۙ๣ͱͯ࣍ࣜ͠Ͱఆٛ͢Δɻ
NUlam(x) = B[x : 1] = {y | dUlam(x, y) = 1} (6.3)
ఆٛ 6.4ʢFootruleڑ཭ʹجͮۙ͘๣ఆٛʣ Footruleڑ཭ʹجͮۙ͘๣ NFootrule͸ɼղ x
͔Βڑ཭ 4ҎԼͷۙ๣ͱͯ࣍ࣜ͠Ͱఆٛ͢Δɻ
NFootrule(x) = B[x : 4] = {y | dFootrule(x, y) ≤ 4} (6.4)
6.1.2 ݁Ռͱߟ࡯
୳ࡧաఔʹ͓͚Δہॴత࠷దղͷؒͷڑ཭ʹؔͯ͠ɼಘΒΕͨྨࣅ౓ S (x(t,∗), x(t−1,∗))ͷ
ώετάϥϜΛਤ 6.1ʙਤ 6.20ʹࣔ͢ɻ͜͜Ͱ͸ɼมԽͷ༷ࢠΛਤࣔ͢Δ͜ͱΛ໨తͱ͠ɼ
w = 0ɼ0.1ɼ0.5ɼ0.9ͷͱ͖Λࣔ͢ɻͦͯ͠ɼಘΒΕͨྨࣅ౓ͷฏۉ஋ S Λද 6.1ʹࣔ͢ɻ
ਤ 6.1ʙਤ 6.20͓Αͼද 6.1ΑΓɼ໰୊ɾڑ཭ͷछྨʹґΒͣҠಈൣғௐ੔ύϥϝʔλwΛ
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(a) w = 0











(b) w = 0.1










(c) w = 0.5










(d) w = 0.9
ਤ 6.1ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢbayg29ʣɼ
ڑ཭ɿ2-optʣ











(a) w = 0










(b) w = 0.1











(c) w = 0.5










(d) w = 0.9
ਤ 6.2ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢbayg29ʣɼ
ڑ཭ɿCayleyʣ
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(a) w = 0











(b) w = 0.1











(c) w = 0.5










(d) w = 0.9
ਤ 6.3ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢbayg29ʣɼ
ڑ཭ɿUlamʣ










(a) w = 0










(b) w = 0.1










(c) w = 0.5











(d) w = 0.9
ਤ 6.4ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢbayg29ʣɼ
ڑ཭ɿFootruleʣ
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(a) w = 0











(b) w = 0.1










(c) w = 0.5










(d) w = 0.9
ਤ 6.5ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢatt48ʣɼڑ
཭ɿ2-optʣ










(a) w = 0











(b) w = 0.1









(c) w = 0.5











(d) w = 0.9
ਤ 6.6ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢatt48ʣɼڑ
཭ɿCayleyʣ
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(a) w = 0










(b) w = 0.1










(c) w = 0.5










(d) w = 0.9
ਤ 6.7ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢatt48ʣɼڑ
཭ɿUlamʣ











(a) w = 0










(b) w = 0.1










(c) w = 0.5










(d) w = 0.9
ਤ 6.8ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿTSPʢatt48ʣɼڑ
཭ɿFootruleʣ
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(a) w = 0










(b) w = 0.1










(c) w = 0.5










(d) w = 0.9
ਤ 6.9ɿ୳ࡧաఔʹ͓͚Δྨࣅ౓
S (x(t,∗), x(t−1,∗)) ͷώετά
ϥϜʢ໰୊ɿFSPʢta011ʣɼڑ
཭ɿCayleyʣ










(a) w = 0










(b) w = 0.1










(c) w = 0.5
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(a) w = 0










(b) w = 0.1










(c) w = 0.5
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(a) w = 0
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ද 6.1ɿ୳ࡧ఺ͷҠಈʹؔ͢Δ਺஋࣮ݧ݁Ռ
(a) ໰୊ɿTSPʢbayg29ʣɼ໰୊αΠζɿn=29ɼ࠷େධՁճ਺ɿFCmax = 2.5× 105
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
2-opt 81.0% 80.0% 79.3% 74.4% 74.5% 73.8% 70.3% 69.9% 67.5% 68.5% 68.6%
Cayley 86.6% 85.3% 84.7% 76.5% 65.4% 56.7% 48.5% 43.6% 35.8% 28.9% 21.6%
Ulam 79.6% 78.8% 77.9% 74.5% 69.4% 63.6% 56.1% 49.5% 46.6% 45.1% 44.3%
Footrule 97.4% 95.8% 90.2% 79.4% 69.2% 62.8% 60.0% 59.2% 58.6% 58.9% 58.7%
(b) ໰୊ɿTSPʢatt48ʣɼ໰୊αΠζɿn=48ɼ࠷େධՁճ਺ɿFCmax = 2.5 × 106
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
2-opt 94.9% 92.7% 93.6% 90.6% 87.1% 85.5% 81.6% 77.8% 78.4% 78.5% 77.1%
Cayley 91.2% 90.8% 89.3% 81.9% 69.9% 62.6% 54.4% 45.7% 39.0% 31.4% 24.3%
Ulam 91.4% 91.5% 90.6% 82.6% 72.9% 67.8% 60.8% 52.7% 48.2% 45.6% 45.7%
Footrule 99.3% 96.6% 90.6% 79.9% 70.1% 66.7% 65.6% 65.1% 64.9% 64.7% 64.8%
(c) ໰୊ɿFSPʢta011ʣɼ໰୊αΠζɿn=20ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cayley 68.1% 67.9% 66.0% 60.6% 53.8% 45.5% 39.2% 32.6% 26.6% 21.2% 18.2%
Ulam 68.0% 67.8% 66.0% 61.1% 58.1% 54.7% 49.7% 46.1% 45.3% 45.4% 45.3%
Footrule 90.4% 88.4% 84.8% 76.7% 67.6% 58.4% 52.8% 49.5% 47.8% 47.1% 47.2%
(d) ໰୊ɿFSPʢta021ʣɼ໰୊αΠζɿn=20ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cayley 73.2% 73.4% 69.1% 61.9% 54.0% 44.8% 38.1% 31.5% 25.3% 19.4% 15.9%
Ulam 69.6% 69.3% 66.5% 60.0% 55.8% 51.8% 45.4% 40.4% 38.7% 39.1% 39.1%
Footrule 92.0% 89.5% 85.7% 77.2% 67.7% 58.4% 53.2% 50.3% 48.9% 48.4% 48.5%
(e) ໰୊ɿQAPʢTai30aʣɼ໰୊αΠζɿn=30ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cayley 84.9% 83.4% 78.0% 64.9% 56.4% 46.2% 39.5% 33.1% 26.5% 19.1% 12.9%
Ulam 85.6% 83.0% 79.0% 67.6% 58.1% 51.4% 43.8% 36.6% 31.4% 30.8% 30.6%
Footrule 97.5% 93.4% 88.8% 79.0% 69.2% 60.8% 58.5% 57.6% 57.1% 57.1% 57.1%
(f) ໰୊ɿQAPʢNug30ʣɼ໰୊αΠζɿn=30ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cayley 83.1% 81.2% 80.1% 72.7% 66.9% 60.5% 51.8% 43.4% 36.1% 29.6% 24.6%
Ulam 80.5% 78.9% 78.4% 71.9% 64.8% 57.2% 48.0% 40.1% 35.5% 35.0% 35.3%
Footrule 97.1% 94.2% 90.0% 80.0% 70.0% 60.3% 57.3% 56.0% 55.8% 55.8% 55.6%
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ද 6.2ɿ୳ࡧੑೳʹؔ͢Δ਺஋࣮ݧ݁ՌʢTSPʣ
(a) ໊শɿbayg29ɼ໰୊αΠζɿn=29ɼେҬత࠷ద஋ɿ f (x)=1610ɼ࠷େධՁճ਺ɿFCmax = 2.5 × 105
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
2-opt 0.33% 0.29%* 0.31%* 0.26%* 0.56% 0.51% 0.56% 0.61% 0.51% 0.63% 0.58%
Cayley 5.11% 4.61%* 4.19%* 3.65%* 2.83%* 3.77%* 4.01%* 4.18%* 4.69%* 4.58%* 5.64%
Ulam 0.47% 0.46%* 0.14%* 0.35%* 0.73% 0.52% 0.88% 0.92% 0.79% 1.16% 1.04%
Footrule 57.61% 51.61%* 41.49%* 54.90%* 61.03% 64.40% 63.17% 63.65% 62.62% 63.17% 65.28%
࠷ྑ஋
2-opt 0% 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%*
Cayley 0.81% 0.62%* 0%* 0%* 0%* 0.31%* 0.62%* 0.50%* 0%* 0%* 0.93%
Ulam 0% 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%*
Footrule 22.11% 25.71% 4.97%* 37.02% 42.30% 51.18% 40.31% 40% 33.42% 50.37% 50.62%
࠷ѱ஋
2-opt 1.49% 2.05% 1.30%* 1.30%* 4.47% 4.47% 4.47% 4.47% 4.47% 4.47% 4.47%
Cayley 19.38% 22.05% 13.79%* 10.19%* 9.44%* 10.81%* 11.30%* 10.50%* 9.75%* 11.24%* 14.16%*
Ulam 8.07% 4.10%* 2.24%* 4.22%* 3.60%* 3.60%* 3.11%* 3.85%* 4.29%* 4.29%* 4.41%*
Footrule 95.22% 71.18%* 63.35%* 68.82%* 78.14%* 75.22%* 75.96%* 80.56%* 80.75%* 76.34%* 78.39%*
ඪ४ภࠩ
2-opt 0.41% 0.40% 0.35% 0.33% 0.83% 0.68% 0.66% 0.66% 0.67% 0.76% 0.64%
Cayley 3.51% 3.63% 3.06% 2.38% 1.93% 2.13% 2.20% 2.19% 2.00% 2.13% 2.65%
Ulam 1.56% 1.10% 0.48% 0.80% 1.03% 0.90% 0.94% 1.04% 0.97% 1.22% 1.18%
Footrule 9.10% 6.70% 7.93% 4.67% 5.21% 3.70% 4.61% 5.25% 5.47% 3.82% 4.07%
(b) ໊শɿatt48ɼ໰୊αΠζɿn=48ɼେҬత࠷ద஋ɿ f (x)=10628ɼ࠷େධՁճ਺ɿFCmax = 2.5 × 106
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
2-opt 1.12% 0.91%* 0.95%* 0.74%* 0.55%* 0.62%* 0.76%* 0.65%* 0.68%* 0.62%* 0.62%*
Cayley 15.82% 14.00%* 12.10%* 6.10%* 4.70%* 5.26%* 6.24%* 7.09%* 7.64%* 9.33%* 9.54%*
Ulam 6.69% 6.95% 6.15%* 3.15%* 2.17%* 2.27%* 2.48%* 2.45%* 2.40%* 2.84%* 2.50%*
Footrule 160.74% 111.74%* 96.98%* 127.98%* 137.30%* 138.36%* 134.41%* 135.35%* 136.23%* 136.63%* 136.34%*
࠷ྑ஋
2-opt 0% 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%*
Cayley 1.70% 2.06% 3.85% 1.27%* 2.11% 1.63%* 1.47%* 2.64% 2.43% 3.01% 5.07%
Ulam 0.19% 0%* 0%* 0%* 0.86% 0.58% 0.53% 1.07% 0.74% 0.58% 0.56%
Footrule 102.85% 56.05%* 70.90%* 99.15%* 116.48% 110.64% 116.08% 112.02% 114.93% 106.75% 106.05%
࠷ѱ஋
2-opt 5.48% 5.48%* 5.48%* 5.27%* 5.27%* 5.27%* 5.27%* 5.27%* 5.27%* 5.27%* 5.27%*
Cayley 41.19% 40.04%* 30.03%* 16.93%* 14.60%* 12.06%* 12.94%* 11.98%* 11.83%* 14.11%* 14.61%*
Ulam 23.16% 23.16%* 20.02%* 18.64%* 4.48%* 4.39%* 4.62%* 5.34%* 4.35%* 4.84%* 4.64%*
Footrule 205.97% 149.24%* 124.57%* 150.09%* 157.66%* 162.66%* 159.59%* 156.35%* 155.16%* 159.91%* 153.51%*
ඪ४ภࠩ
2-opt 1.38% 1.29% 1.26% 1.07% 1.09% 1.12% 1.17% 1.06% 1.08% 1.06% 1.04%
Cayley 8.09% 6.83% 6.60% 3.55% 2.36% 2.04% 2.29% 1.85% 2.37% 2.48% 2.22%
Ulam 5.53% 5.44% 5.30% 3.44% 0.85% 0.93% 0.92% 0.86% 0.92% 1.06% 0.98%
Footrule 9.18% 8.95% 6.22% 4.59% 4.80% 4.24% 4.65% 4.28% 4.04% 5.18% 4.55%
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ද 6.3ɿ୳ࡧੑೳʹؔ͢Δ਺஋࣮ݧ݁ՌʢFSPʣ
(a) ໊শɿta011ɼ໰୊αΠζɿn=20ɼେҬత࠷ద஋ɿ f (x)=1582ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
Cayley 0.22% 0.23% 0.30% 0.39% 0.54% 0.59% 0.78% 0.81% 0.85% 0.94% 0.99%
Ulam 0.15% 0.12%* 0.15%* 0.26% 0.25% 0.34% 0.32% 0.32% 0.36% 0.34% 0.40%
Footrule 0.58% 0.80% 1.11% 2.07% 3.25% 3.88% 4.41% 4.60% 4.53% 4.44% 4.77%
࠷ྑ஋
Cayley 0.063% 0%* 0%* 0%* 0%* 0.063%* 0%* 0.063%* 0%* 0.063%* 0.44%
Ulam 0% 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0%* 0.063% 0%*
Footrule 0.063% 0%* 0.063%* 0.89% 1.39% 2.09% 2.34% 1.71% 2.65% 2.34% 1.90%
࠷ѱ஋
Cayley 0.70% 0.70%* 0.70%* 0.89% 0.89% 1.14% 1.39% 1.52% 1.71% 1.58% 1.58%
Ulam 0.38% 0.32%* 0.25%* 0.63% 0.70% 0.70% 0.76% 0.95% 0.95% 0.76% 0.95%
Footrule 1.58% 1.71% 1.83% 3.10% 4.80% 5.69% 6.13% 6.26% 6.95% 6.76% 6.57%
ඪ४ภࠩ
Cayley 0.12% 0.15% 0.19% 0.24% 0.23% 0.30% 0.26% 0.35% 0.40% 0.33% 0.26%
Ulam 0.11% 0.10% 0.10% 0.15% 0.18% 0.19% 0.19% 0.27% 0.24% 0.20% 0.24%
Footrule 0.31% 0.33% 0.55% 0.76% 0.99% 0.86% 0.79% 0.92% 0.88% 0.93% 0.95%
(b) ໊শɿta021ɼ໰୊αΠζɿn=20ɼେҬత࠷ద஋ɿ f (x)=2297ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
Cayley 0.34% 0.33%* 0.38% 0.51% 0.56% 0.68% 0.75% 0.84% 0.98% 0.98% 1.02%
Ulam 0.21% 0.23% 0.21%* 0.25% 0.35% 0.37% 0.40% 0.49% 0.46% 0.51% 0.47%
Footrule 1.22% 1.14%* 1.51% 2.10% 2.95% 3.17% 3.62% 3.53% 3.54% 3.52% 3.81%
࠷ྑ஋
Cayley 0% 0%* 0%* 0.044% 0%* 0.13% 0.35% 0.087% 0.087% 0.044% 0.044%
Ulam 0% 0%* 0%* 0%* 0.044% 0%* 0.044% 0.044% 0.044% 0%* 0%*
Footrule 0.13% 0%* 0.35% 0.83% 1.61% 1.70% 2.53% 2.18% 1.87% 2.09% 2.44%
࠷ѱ஋
Cayley 0.74% 0.74%* 0.70%* 0.83% 1.00% 1.13% 1.18% 1.26% 1.39% 1.44% 1.52%
Ulam 0.52% 0.57% 0.65% 0.52%* 0.74% 0.91% 0.83% 0.87% 0.83% 0.91% 1.09%
Footrule 3.18% 3.05%* 3.40% 3.70% 4.66% 4.57% 4.61% 5.14% 4.88% 4.79% 4.96%
ඪ४ภࠩ
Cayley 0.18% 0.19% 0.16% 0.18% 0.21% 0.23% 0.22% 0.28% 0.26% 0.24% 0.33%
Ulam 0.14% 0.13% 0.17% 0.15% 0.17% 0.20% 0.22% 0.22% 0.19% 0.23% 0.25%
Footrule 0.88% 0.81% 0.86% 0.64% 0.63% 0.62% 0.54% 0.61% 0.66% 0.63% 0.60%
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ද 6.4ɿ୳ࡧੑೳʹؔ͢Δ਺஋࣮ݧ݁ՌʢQAPʣ
(a) ໊শɿTai30aɼ໰୊αΠζɿn=30ɼେҬత࠷ద஋ɿ f (x)=1818146ɼ࠷େධՁճ਺ɿFCmax = 1× 106
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
Cayley 1.35% 1.50% 1.55% 1.90% 1.91% 2.15% 2.34% 2.27% 2.40% 2.46% 2.60%
Ulam 6.61% 6.56%* 6.62% 7.21% 7.47% 7.63% 7.65% 7.74% 7.84% 7.93% 7.87%
Footrule 6.01% 6.36% 6.76% 7.29% 7.61% 7.68% 7.61% 7.68% 7.77% 7.68% 7.66%
࠷ྑ஋
Cayley 0.46% 0.51% 0.40%* 1.18% 1.39% 1.08% 1.10% 1.10% 1.46% 1.46% 1.68%
Ulam 5.18% 4.77%* 5.07%* 6.18% 6.50% 6.56% 6.54% 6.18% 6.88% 6.57% 6.73%
Footrule 3.99% 4.86% 5.25% 6.23% 6.41% 6.91% 6.27% 5.96% 6.69% 6.33% 6.37%
࠷ѱ஋
Cayley 3.77% 4.42% 4.42% 2.50%* 2.51%* 2.81%* 2.86%* 2.90%* 3.13%* 3.04%* 3.17%*
Ulam 7.69% 7.70% 7.38%* 8.11% 8.40% 8.60% 8.66% 8.69% 8.56% 8.76% 8.96%
Footrule 8.21% 7.23%* 7.63%* 8.16%* 8.43% 8.35% 8.64% 8.53% 8.74% 8.74% 8.48%
ඪ४ภࠩ
Cayley 0.61% 0.73% 0.61% 0.26% 0.36% 0.33% 0.34% 0.39% 0.35% 0.35% 0.35%
Ulam 0.53% 0.52% 0.52% 0.36% 0.38% 0.43% 0.48% 0.57% 0.40% 0.40% 0.47%
Footrule 0.61% 0.47% 0.48% 0.45% 0.39% 0.33% 0.42% 0.46% 0.46% 0.44% 0.43%
(b) ໊শɿNug30ɼ໰୊αΠζɿn=30ɼେҬత࠷ద஋ɿ f (x)=6124ɼ࠷େධՁճ਺ɿFCmax = 1 × 106
ࢦඪ ڑ཭
PMʢҠಈൣғௐ੔ύϥϝʔλ w ͸ҎԼͷ஋ʣ
0 (HM) 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ฏۉ஋
Cayley 0.28% 0.28%* 0.31% 0.29% 0.35% 0.41% 0.47% 0.65% 0.77% 0.82% 0.87%
Ulam 4.10% 3.87%* 4.17% 4.04%* 4.35% 4.98% 5.54% 6.22% 6.37% 6.49% 6.34%
Footrule 8.24% 6.54%* 6.20%* 7.87%* 8.82% 8.57% 8.88% 8.87% 8.81% 8.90% 8.70%
࠷ྑ஋
Cayley 0% 0%* 0%* 0%* 0%* 0%* 0%* 0.065% 0%* 0%* 0%*
Ulam 2.58% 2.16%* 2.06%* 1.93%* 2.65% 2.25%* 3.04% 3.66% 3.40% 4.15% 3.53%
Footrule 4.34% 3.53%* 3.20%* 5.39% 7.02% 6.70% 6.60% 6.30% 6.37% 7.12% 5.62%
࠷ѱ஋
Cayley 1.63% 0.75%* 1.31%* 0.88%* 0.95%* 0.91%* 1.08%* 1.37%* 1.31%* 1.50%* 1.70%
Ulam 7.15% 5.85%* 9.90% 5.81%* 5.91%* 7.22% 7.02%* 7.81% 8.10% 8.03% 8.98%
Footrule 13.98% 15.97% 9.18%* 10.22%* 10.58%* 9.76%* 10.74%* 10.74%* 10.74%* 10.74%* 10.32%*
ඪ४ภࠩ
Cayley 0.30% 0.22% 0.26% 0.25% 0.29% 0.24% 0.30% 0.28% 0.29% 0.34% 0.32%
Ulam 0.87% 0.95% 1.23% 0.73% 0.77% 0.85% 0.96% 0.95% 0.96% 0.83% 1.01%















































೚ҙͷղ x͔Βผͷղ y΁Ҡಈ͢Δͷʹඞཁͳ 2-optۙ๣ૢ࡞ͷ࠷খճ਺Ͱද͞ΕΔɻ
2-optڑ཭ d2-opt(x, y)͸ҎԼͷΑ͏ʹٻΊΒΕΔɻ2-optͱ͸८ճ࿏ͷڞ௨͠ͳ͍ύε͕ 2
Ͱ͋Δ͜ͱΛද͢ɻ
d2-opt(x, y) = (minimum number of transpositions 2-opt)




dCayley(x, y) = (minimum number of transpositions swaps)






dUlam(x, y) = (minimum number of transpositions insertion)
= n − (length of longest common subsequence)
࠷େڑ཭͸ n − 1Ͱ͋Δɻ
Spearman’s Footruleڑ཭
ର৅ͱ͢ΔॱংͷཁૉͷҐஔΛॱҐͱ͢Δͱ͖ɼॱং xͱॱং yؒͷॱҐͷࠩͷ૯࿨Ͱ











८ճηʔϧεϚϯ໰୊ʢTraveling Salesman Problem: TSPʣ
८ճηʔϧεϚϯ໰୊ʢTraveling Salesman Problem: TSPʣͱ͸ɼnݸͷ౎ࢢͷू߹
V = {1, · · · , n}ͱ౎ࢢ iͱ౎ࢢ jͷؒͷڑ཭ d(i, j), i, j ∈ V ͕༩͑ΒΕͨͱ͖ɼ͢΂ͯͷ౎
ࢢΛͪΐ͏ͲҰ౓ͣͭ๚໰ͨ͋͠ͱݩʹ໭Δ८ճ࿏ͷ͏ͪɼڑ཭͕࠷খʹͳΔ΋ͷΛٻΊ
Δ໰୊Ͱ͋Δɻ͜ͷ໰୊ͷղ͸ɼe(i, j)Λ౎ࢢ iͱ౎ࢢ jΛ௖఺ͱͨ͠ͱ͖ͷ౎ࢢ i, jؒͷล
ͱ͢Ε͹ɼnݸͷ఺ͷϋϛϧτϯάϥϑ x = (V, {e(x1,x2), e(x2,x3), · · · , e(xn−1,xn)}), xi ∈ VͰ༩͑
ΒΕΔɻ८ճηʔϧεϚϯ໰୊͸࣍ͷΑ͏ʹఆࣜԽ͞ΕΔɻ
min f (x) =
n−1∑
k=1
d(xk, xk+1) + d(xn, x1)
ϑϩʔγϣοϓεέδϡʔϦϯά໰୊ʢFlowshop Scheduling
Problem: FSPʣ
ϑϩʔγϣοϓεέδϡʔϦϯά໰୊ʢFlowshop Scheduling Problem: FSPʣͱ͸ɼS ୆





x jΛ࢓ࣄ j ∈ V͕ॲཧ͞ΕΔॱҐͱͨ͠ͱ͖ʢ͜͜Ͱɼx j ∈ W = {1, 2, . . . , n}ͱ͢Δʣɼ
FSPͷղ͸ x = (x1, x2, · · · , xn)ͱͯ͠ද͞ΕΔɻFSP͸ҎԼͷΑ͏ʹఆࣜԽ͞ΕΔɻͨͩ
͠ t jI(0) = t0I(k) = 0Ͱ͋Δɻ
min TS I(n)
T jI(k) = max(T jI(k−1), T j−1I(k)) + t jI(k)
I(k) = i; xi = k
i = 1, 2, · · · , n ∈ U j = 1, 2, · · · , S ∈ V k = 1, 2, · · · , n ∈W
ೋׂ࣍౰໰୊ʢQuadratic Assignment Problem: QAPʣ
ೋׂ࣍౰໰୊ʢQuadratic Assignment Problem: QAPʣͱ͸ɼ഑ஔ͢΂͖ nݸͷࢪઃͱ n
Օॴͷ஍۠ɼࢪઃ i͔Βࢪઃ j΁ͷ෺ͷҠಈྔ a(i, j)ɼ͓Αͼɼ஍۠ k͔Β஍۠ l·Ͱͷڑ཭
b(k, l)͕༩͑ΒΕͨͱ͖ɼ෺ࢿͷ༌ૹίετΛ࠷খͱ͢Δࢪઃͷ഑ஔΛٻΊΔ໰୊Ͱ͋Δɻ







a(i, j)b(xi, x j)
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